Abstract. The anti-neoplastic effects of histone deacetylase inhibitors (HDACi), Trichostatin A (TSA) and 4-phenylbutyrate (4-PB) on the human glioblastoma cell lines GBM-29, U-343 MG and U-343 MGa Cl. 2:6 were investigated. TSA and 4-PB induced apoptosis in the three cell lines in a doseand time-dependent manner. Whereas caspase-3 activation was detected in all three cell lines, U-343 MG cells were more sensitive to the apoptotic effect of HDACi compared with U-343 MGa Cl. 2:6. TSA and 4-PB induced differentiation in the three cell lines, each cell line developing unique phenotypic characteristics. During long-term treatment with a low dose of HDACi U-343 MGa Cl. 2:6 cells developed an astrocytic morphology with expression of glial fibrillary acidic protein (GFAP). GFAP-negative U-343 MG cells changed their morphology in response to HDACi and down-regulated their expression of vimentin. The nestin and vimentin positive GBM-29 cells also showed a morphological differentiation, while the expression of the two malignancy markers decreased. In summary, our results showed that these three glioblastoma cell lines display unique phenotypes and differentiation patterns in response to HDACi.
Introduction
Glioblastoma multiforme (GBM) is the most common type of glial tumors with a dismal prognosis despite best standard therapy including surgery, radio-and chemotherapy. The GBM cells are highly anaplastic and heterogeneous, with an ability to migrate along fiber tracts and blood vessels to disseminate in the brain.
Histone deacetylase inhibitors (HDACi) represent a structurally-diverse group of small molecules with proven anti-neoplastic effects in various types of cancer cells inducing growth inhibition, cell differentiation and apoptosis. Two such compounds are 4-phenylbutyrate (4-PB) and Trichostatin A (TSA) which show potent anti-proliferative and differentiating effects on a variety of cancer cells in vitro and in vivo.
4-PB exerts a potent anti-tumor effect in vitro. It was shown to cause growth inhibition and differentiation in various human cancer cells such as colon carcinoma (1), Burkitt's lymphoma (2) , primary acute myeloid leukemia (3), retinoblastoma (4), prostate cancer (5), U138 MG, T98G, U373 MG and A-172 glioma cells (6) , medulloblastoma (7), hepatocellular carcinoma (8) and others.
Phase I and II clinical trials of 4-PB in refractory solid tumors (9, 10) and high-grade astrocytoma (11) have been performed, showing 4-PB to be well tolerated with a benign safety profile. 4-PB has shown efficacy in the treatment of different kinds of tumors, including hormone-refractory prostate cancer (12) , hematological malignancy (13) , and high grade astrocytoma (14) . Several patients in these studies were reported to have stable disease and stable or improved biomarker profiles in response to treatment (9, 11) . Notably, 4-PB may have an additive or even synergistic effect in combination with conventional anti-cancer drugs such as cytarabine, etoposide, topotecan, doxorubicin (4, 15) , 5-fluorouracil (16) , retinoids (17) and the DNA methyltransferase inhibitor 5-azacytidine (18) .
4-PB is a short-chain fatty acid known to reversibly inhibit class I and II HDACs. It is considered as an HDAC inhibitor of the first generation, as the HDAC inhibitory effect is not specific. Working concentrations are rather high, in the millimolar range, and the effects are pleiotropic. 4-PB is known to exert multiple effects in the cell, including the modulation of protein isoprenylation, which importantly regulates the ras proto-oncoprotein (19) , and activation of the nuclear steroid peroxisome-proliferation-associated receptor (PPAR), a transcription factor controlling gene expression and cell phenotype (11, 20) .
TSA is a reversible selective inhibitor of class I and II HDACs (21) (22) (23) , which exerts potent antitumor activity in breast cancer (24) in vivo, as well as in vitro in SW620 colon carcinoma cells (25) , the T98G glioma cell line and neuroblastoma cells (26) . Phase I clinical trials with a compound from the same group of hydroxamic acids, SAHA, have been performed with lymphoma patients and bladder cancer, and have shown objective tumor regression. A clinical response in patients with hematological malignancies has also been reported (27) .
The anti-neoplastic mechanism of HDACi is not fully elucidated, but is thought to include the modulation of the chromatin structure by histone acetylation, thereby inducing the transcription of various cell cycle regulating genes (28) . This modulation involves an increase in the acetylation of promoter-associated histones. This was shown for the p21 Waf1 promoter (29) , resulting in the loosening of the structure of the chromatin locally and exposure of the regulatory elements to the transcription factors Sp1 and -3. The chromatin modulation leads to the gene activation of e.g. cell growth inhibitors such as p21
Waf1 (29, 30) ; gelsolin, a substrate for caspase-3 (31); p16
INK4A (32) ; p27 (33) ; cyclin E (34) and telomerase catalytic subunit TERT (35) .
We have previously shown that 4-PB induced apoptosis, differentiation and tumor regression in hepatocellular carcinoma (HCC) and hepatoblastoma tumor xenografts (8) .
In the present study we showed that HDAC inhibitors 4-PB and TSA induce differentiation and apoptosis in the glioblastoma cell lines GBM-29, U-343 MG and U-343 MGa Cl. 2:6 (U-343 MGa), all of which have a different expression of differentiation markers.
Materials and methods
Chemicals. Chemicals were of analytical or electrophoretical grade. Phenylbutyrate (4-phenylbutyric acid, sodium salt, 4-PB) was of ultra-pure pharmaceutical grade from Triple Crown America Inc. (PA, USA). Trichostatin A (TSA) was purchased from Sigma-Aldrich Sweden AB, Stockholm, Sweden.
Cell cultures and cell survival assay. The GBM-29 cell line was developed from a tumor explant of glioblastoma multiforme as described (36) . The cell lines U-343 MG and MGa Cl. 2:6 were a kind gift from Professor M. Nistér, Karolinska Institutet, Stockholm, Sweden. The cell lines were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin) in an atmosphere of 5% of CO 2 .
Cell survival was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The MTT (Sigma) was dissolved in a serum-free culture medium (0.5 mg/ml), added to the cells (200 μl/well) and incubated for 30 min at 37˚C. Formazan dye, formed by viable cells, was solubilized in 300 μl of isopropanol and aliquots (100 μl) were pipetted into 96-well microplates. The absorbance at 570 nm was measured using an ELISA plate reader. U-343 MG cells were stained in a similar manner to that of GBM-29 cells for the detection of vimentin or nestin expression. In another set of experiments, when these cells were stained for vimentin only, secondary AlexaFluor 546 goat anti-mouse antibody (Molecular Probes, Inc., Eugene, Oregon, USA) was used.
For the immunostaining of GFAP, the cells were incubated overnight with 16.4 μg/ml rabbit anti-cow glial fibrillary acidic protein (Dako), which has a strong cross-reaction with the human GFAP, and then with a secondary donkey antirabbit Cy-3 conjugated antibody (1:100, Jackson ImmunoResearch Lab., PA, USA). For the immunostaining of EGFR, the cells were incubated with a rabbit EGFR (1005) antibody (sc-03, Santa Cruz Biotechnology Inc., USA) and donkey antirabbit Cy-3 antibody was used as the secondary antibody.
Western blot analysis. For the immunodetection of vimentin, the cells were scraped in 250 μl 1X gel loading buffer (50 mM Tris-Cl, pH 6.8; 100 mM ditiothreitol, 2% SDS and 10% glycerol) and sonicated at 3x10 sec. The total protein content was determined by the micro-BCA protein assay (Pierce, IL, USA). Samples of 30 μg protein per lane were analysed on a 10% PAAG and electrotransferred to a Protran nitrocellulose transfer membrane (Schleicher & Schuell GmbH, Dassel, Germany). The equal loading of proteins on the Western blots was monitored by staining the membranes with Ponceau S. Immunodetection was done by using mouse monoclonal vimentin antibody, clone Vim 3B4 (1:500, Dako Cytomation) overnight at 4˚C. After washings of nitrocellulose membranes, they were incubated with secondary goat anti-mouse/HRPconjugated antibody (1:2000, Bio-Rad) for 2 h.
For the immunodetection of EGFR, samples of 50 μg per lane were analysed on 10% PAAG and electrotransferred to PVDF-membrane (Millipore, MA, USA). Immunodetection was performed using rabbit EGFR (1005) antibody (sc-03, Santa Cruz Biotechnology Inc.) and secondary anti-rabbit/ HRP-conjugated antibody. After washing, an ECL Plus reaction was performed (Amersham, UK).
A quantification of Western blots was performed, applying Image Gauge Ver.3.11 software (Fuji Photo Film Co., Ltd., Japan).
Caspase-3 activity determination. The determination of caspase-3 was performed as previously described (8), using the ApoAlert caspase fluorescent assay kit (Clontech, CA, USA). Briefly, 1x10 6 cells were harvested and incubated with cell lysis buffer on ice for 10 min followed by centrifugation. The enzymatic reaction was performed using DEVD-7-amino-4-trifluoromethyl coumarin (AFC) as a substrate. The resulting fluorescence was measured at 400 nm (exitation)/505 nm (emission) on a Perkin Elmer luminescence spectrophotometer LS 50B (Perkin-Elmer Life Sci., Zaventem, Belgium). To verify the specificity of the enzymatic reactions, the specific inhibitor of caspase-3, DEVD-CHO was used. The specific activity of caspase-3 was expressed as the amount of released AFC per hour [μmole of AFC/(h x g protein)].
Statistical analysis. Statistical analysis was performed using Student's t-test and SigmaPlot 9.0s software (Systat Software GmbH, Erkrath, Germany).
Results
Characteristics of the glioblastoma cell lines. GBM-29, U-343 MG and MGa cell lines were established from surgical specimens of glioblastoma multiforme tumors, the latter two cell lines being derived from the same tumor specimen (37) . Cell morphology and the expression of differentiation markers differ between cell lines (Table I, Fig. 1 ). In culture conditions promoting cell proliferation, U-343 MGa cells are polygonal without processes, and express the astrocytespecific intermediate-filament differentiation marker, glial fibrillary acidic protein (GFAP). In contrast, the U-343 MG cells exhibit a fibro/fascicular morphology with expression of vimentin, an intermediate filament of the neural precursor and mesenchymal cells. Unlike U-343 MG and MGa, GBM-29 cells express high levels of the intermediate filament protein nestin as well as vimentin, a characteristic of neuro-epithelial precursor cells (38) . The GBM-29 cell morphology resembles that of U-343 MG, but unlike U-343 MG, they grow very slowly, are sparsely distributed and never reach the same density as the other two types of glioblastoma cell lines.
The expression of another marker protein, the EGF receptor (EGFR), was found in GBM-29 and U-343 MGa cells, but not in U-343 MG (Table I ).
The anti-proliferative effect of 4-PB and TSA on glioblastoma cells. 4-PB and TSA showed time-and dose-dependent antiproliferative and pro-apoptotic effects on all glioblastoma cell lines tested, although the sensitivity of the cell lines to HDACi differed (Fig. 2) . In the GBM-29 cells, an anti-proliferative effect of 4-PB was detected at 1 mM concentration after 3 days of treatment (P<0.01, Fig. 2A ). At 5 mM of 4-PB, ~50% of the cells were dead after 4 days of treatment. Similarly, TSA induced growth inhibition starting at a 100 nM concentration at 24 h of treatment (P<0.01, Fig. 2B ).
U-343 MG cells were also sensitive to 4-PB treatment ( Fig. 2C) with an IC 50 of 10 mM after 2 days of treatment. They were more sensitive to TSA treatment than GBM-29 cells, a 100 nM concentration killed all cells after 5 days of treatment (Fig. 2D) . Unlike the GBM-29 and U-343 MG cell lines, U-343 MGa cells were quite resistant to 4-PB treatment. IC 50 for 4-PB at 4 days was almost twice as high as that for GBM-29 and U-343 MG cells (8 mM) (Fig. 2E) . U-343 MGa cells were also more resistant to TSA than U-343 MG cells, with 70% of the cells being viable at 5 days of treatment with 100 nM concentration, and 50% after two days of treatment with 300 nM (Fig. 2F) .
Phenylbutyrate induces apoptosis in glioblastoma cell lines.
4-PB induced apoptosis in the three glioblastoma cell lines tested, as analysed by the caspase-3 activity. The treatment of GBM-29 cells with 4-PB at 5 mM for 18 h resulted in a 3.5-fold elevation of caspase-3 activity versus the untreated control cells (Fig. 3A) . The caspase-3 specific inhibitor DEVK-CHO inhibited this activity by 75%. In the U-343 MG cells, caspase-3 activity increased by 2.7-fold with the same treatment (Fig. 3B) , while 10 mM 4-PB increased the caspase-3 activity 1.5-fold in U-343 MGa cells (Fig. 3C) .
Cell differentiation in response to the HDAC inhibitors.
The three cell lines differentiated in response to 4-PB or TSA. In the U-343 MGa cells, 100 nM TSA treatment for four weeks resulted in an astrocyte-like differentiation of a subset of cells with a high expression of GFAP and characteristic morphology Table I . Expression of the differentiation markers in glioblastoma cell lines. --
-------------------------------------------------Cell line GBM-29 U-343 MG U-343 MGa Cl 2:6 -------------------------------------------------
-, not detected; +, expressed; +++, highly expressed; n.d., not determined; a the data of this study; b the data were obtained from (37) and c the data were obtained from (48). (Fig. 1F) . Prolongation of the treatment brought even more cells to differentiation. Similarly, the treatment of these cells with 1 mM 4-PB for 13 days induced astrocytic differentiation (data not shown). Glioblastoma cells resembled mature astrocytes with strong GFAP immunostaining.
-------------------------------------------------
The treatment of GBM-29 cells with either of the two HDACi resulted in a decreased nestin and vimentin expression. Treatment with 100 nM TSA for 5 days decreased the nestin expression considerably (compare Fig. 1A and B) . High doses of 4-PB (5 and 10 mM) for 48 h resulted in a 25 and 44% reduction of the vimentin expression, respectively (Fig. 4A) . A low dose of 4-PB (2 mM) resulted in a 30% reduction of the vimentin expression, after 6 days of treatment and a 70% reduction after 23 days of treatment (data not shown).
U-343 MG cells were less responsive to 4-PB and TSA than GBM-29. 4-PB at 10 mM reduced the vimentin expression by ~30% after 48 h of treatment (Fig. 4B) . TSA decreased the vimentin expression in a dose-and timedependent manner (Fig. 4B , compare also Fig. 1C and D) . A reduction by 23-27% after 24 h of treatment was seen at concentrations of TSA 500 and 1000 nM and by 60 and 80% after 48 h of treatment with the same concentrations of TSA, respectively.
Discussion
It is well established that HDAC inhibitors exert differentiation effects on many types of cancer cells, including hepatocellular carcinoma (8, 39, 40) , breast cancer (39) and human prostate cancer cells (41) . Herein we demonstrated that the HDAC inhibitors 4-PB and TSA possess growth-inhibitory, unique differentiation and pro-apoptotic effects on human glioblastoma cell lines of different cellular origin. We previously showed that 4-PB exerts anti-proliferative, apoptotic and differentiating effects on hepatoblastoma and HCC in vivo and in vitro (8) , where the expression of the malignancy marker, α-fetoprotein, was reduced in HCC under 4-PB treatment in a way that could be considered as a sign of differentiation.
Results from MTT tests clearly showed that the viability of the studied cell lines was decreased significantly by treatment with HDACi in a time-and dose-dependent manner. The U-343 MG cells of mesenchymal origin, were more sensitive to the differentiating influence of HDACi than the neuroepithelial U-343 MGa cells. The mechanism for the different sensitivity of these cell lines to HDACi is unclear, but is probably derived from unique epigenetic properties that separate the two cell types from one another.
The mechanism of the reduction in viability is an increase in apoptosis. As was shown before by the TUNEL assay in hepatocarcinoma and hepatoblastoma, the amount of apoptotic cells increased significantly after 4-PB treatment. An analysis of the caspase-3 activity, the effector caspase of apoptosis, also showed an increase after 4-PB treatment (8) . In this investigation we also found caspase-3 activation by 4-PB in GBM-29, U-343 MG and MGa cells. Thus, the HDAC inhibitors induce apoptosis in these glioblastoma cell lines.
The differentiation effect of HDAC inhibitors is prominent and can be visualized by morphological changes of the glioblastoma cell lines, and changes in the expression of marker proteins. The differentiation effect by 4-PB was previously shown in U138 MG, T98G, U373 MG and A-172 human glioblastoma cell lines (42) . They respond quickly (within 72 h) with the retraction of cell borders and extension of long cytoplasmic processes, making the appearance astrocyte-like.
In our experiments, long-term treatment was needed to induce cell differentiation. After four weeks of treatment with HDACi, U-343 MGa cells acquired astrocyte-like morphology with long, slender cytoplasmic processes and dichotomic branching and strong GFAP immunoreactivity. Despite the primitive, polygonal morphology, U-343 MGa cells expressed high levels of GFAP in their native state. Treatment with the HDAC inhibitor TSA did not affect the expression of this protein, presumably since the gene was already in a transcriptionally active state, and not a target for HDAC inhibition. However, the cell morphology became more mature and astrocyte-like, following long-term treatment (four weeks) with low doses of 4-PB or TSA (Fig. 1F) .
U-343 MG cells were also differentiated under the influence of HDAC inhibitors, but along a different pathway. Native, untreated U-343 MG cells expressed vimentin, while they were devoid of GFAP. Vimentin is a differentiation marker of mesenchymal and neuro-ectodermal cells, and is expressed prior to other type III intermediate filament proteins. During the differentiation and development of the neural cells and muscle, it is replaced by GFAP and desmin, respectively (43) . An increased vimentin expression appears to enhance the malignancy of certain tumor types (44) . Thus, a reduction in the vimentin expression and reversion of the undifferentiated phenotype of the tumor cells may be considered as a sign of reduced malignancy.
Malignant cells with a GFAP -/fibronectin + phenotype are relatively common among cell lines derived from glioma explants (45) . They may represent a subpopulation of cells, which exist in original GBM tumors in vivo. These cells are not derived from non-neoplastic mesenchymal cells and give rise to permanent tumorigenic cell lines with abnormal karyotypes (45) .
The GBM-29 cells, established from a glioblastoma multiforme explant (36) , differ substantially from the other glioblastoma cell lines tested. Unlike U-343 MGa, GBM-29 is GFAP-negative. GBM-29 cells express vimentin and nestin, the latter being a marker of neuro-epithelial stem cells (38) , and are of neuro-epithelial origin. Similar cells have been described in anaplastic gliomas (46) . GBM-29 cell treatment with HDACi reduced the nestin expression considerably, which is a sign of the transit of the cells from a malignant to a more benign phenotype.
The EGF receptor expression was found in GBM-29 and U-343 MGa cells, but not in U-343 MG (Table I ). The EGF receptor (EGFR) is a marker protein expressed in neuroepithelial and glioma cells. In most humans, the malignant glioma c-erbB/EGFR gene is amplified (47) .
Thus, the cells of different origin and expressing different markers can be present in glioblastomas. This presumably contributes to the high resistance of the tumors to standard cancer therapy. However, irrespective of the origin of the three glioblastoma cell lines studied, all of them responded to the apoptotic and differentiating effect of HDACi. The cells of a neuroglial nature (U-343 MGa) differentiated into GFAPexpressing astrocyte-like cells. The cells of a mesenchymal nature (U-343 MG) or neuro-epithelial cells (GBM-29) decreased their expression of vimentin and nestin and acquired signs of cellular maturation and differentiation.
In summary, the HDAC inhibitors 4-PB and TSA promote cell differentiation in glioblastoma cell lines of different origin. However, each cell line showed a specific differentiation pattern, including a unique cell morphology and the expression of differentiation markers. The results obtained may have pronounced diagnostic and prognostic values when using HDACi as differentiating agents for the therapy of glioblastoma multiforme.
